We have discovered that cells derived from the skeletal muscle of adult mice contain a remarkable capacity for hematopoietic differentiation. Cells prepared from muscle by enzymatic digestion and 5-day in vitro culture were harvested, and 18 ؋ 10 3 cells were introduced into each of six lethally irradiated recipients together with 200 ؋ 10 3 distinguishable whole bone marrow cells. After 6 or 12 weeks, all recipients showed high-level engraftment of muscle-derived cells representing all major adult blood lineages. The mean total contribution of muscle cell progeny to peripheral blood was 56 ؎ 20% (SD), indicating that the cultured muscle cells generated approximately 10-to 14-fold more hematopoietic activity than whole bone marrow. When bone marrow from one mouse was harvested and transplanted into secondary recipients, all recipients showed high-level multilineage engraftment (mean 40%), establishing the extremely primitive nature of these stem cells. We also show that muscle contains a population of cells with several characteristics of bone marrow-derived hematopoietic stem cells, including high efflux of the fluorescent dye Hoechst 33342 and expression of the stem cell antigens Sca-1 and c-Kit, although the cells lack the hematopoietic marker CD45. We propose that this population accounts for the hematopoietic activity generated by cultured skeletal muscle. These putative stem cells may be identical to muscle satellite cells, some of which lack myogenic regulators and could be expected to respond to hematopoietic signals.
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R
egenerative stem cells can be found in many adult tissues (1) (2) (3) (4) (5) (6) . Although possessing substantial capacity to proliferate and differentiate, such cells are thought to be committed to differentiate exclusively into the tissues in which they reside. However, recent reports have suggested that some ostensibly tissue-specific progenitors may have differentiation potential outside of their tissue of origin. Ferrari et al. (7) found that lacZ-marked cells derived from bone marrow of donor mice could be incorporated into regenerating skeletal muscle of recipients. After bone marrow transplantation, donor-derived cells have also been found in multiple nonhematopoietic tissues, including liver (8) , vascular endothelial cells (9) , astroglia in the brain (10), skeletal muscle (7, 11) , and bone (12) . Although bone marrow contains many cell types that could account for this variety of activities, it is possible that hematopoietic stem cells (HSC) are directly or indirectly involved.
Moreover, stem cells derived from nonhematopoietic tissue have been found to differentiate into hematopoietic cells. Bjornson et al. (13) showed that clonal populations of neural stem cells could repopulate the hematopoietic system after bone marrow transplantation. Together, these studies suggest that stem cells derived from adult tissues may retain a previously unrecognized degree of plasticity in their commitment and that their differentiation may be influenced more by environment than by lineage.
This possibility led us to investigate whether cells derived from adult mouse skeletal muscle could generate the major hematopoietic lineages. Muscle fibers are maintained by a resident population of mononuclear myogenic precursors. These socalled satellite cells, which reside between the sarcolemma and the basal lamina of the muscle fiber, both differentiate and self-renew in response to physiological stimuli (14) (15) (16) (17) . Therefore, satellite cells could represent stem cells capable of commitment to more than one lineage, given the right environmental cues. Herein, we show that transplanted muscle cells contributed to the regeneration of the entire hematopoietic system in lethally irradiated mice.
Experimental Procedures
Isolation of Muscle Cells. The experiments described here were performed with satellite cells prepared following the protocol of DiMario and Strohman (18) . The gastrocnemius, soleus, and plantaris were excised from three C57BL͞6-Ly-5.1 6-week-old mice. Tendons, all bone, and fat were carefully discarded, and the muscle tissue was thoroughly minced and then digested at 37°C with 0.2% collagenase (Worthington) for 45 min, followed by 0.1% trypsin (GIBCO) for 45 min. The tissue was triturated vigorously and passed through a 70-m filter, and the cells were collected by centrifugation. The cells were then plated in DMEM containing 10% (vol͞vol) FCS (HyClone), 5% (vol͞vol) chick embryo extract (GIBCO), and antibiotics for 1 h at 37°C. The nonadherent cells were then transferred to another plate, and the adherent cells (primarily fibroblasts) were discarded. After 24 h, the floating cells and debris were washed off the plate, and fresh medium was applied to the attached cells. After 5 days of culture, around 2 ϫ 10 5 cells were collected from the plate after light trypsinization. In more recent experiments, we have used alternative protocols that have larger and more readily quantifiable yields (19, 20) .
Bone Marrow Transplantation. Muscle cells were harvested by trypsinization after 5 days of culture and counted, and 18 ϫ 10 3 cells were mixed with 200 ϫ 10 3 nucleated whole bone marrow cells prepared from 6-to 12-week-old C57BL͞6-Ly-5.2 mice. Recipients were also 6-to 12-week-old C57BL͞6-Ly-5.2 mice that had been given 11 Gy of ␥-irradiation in a split dose and maintained on acidified water and autoclaved food. Cell mixtures were injected retroorbitally in a volume of 300 l while mice were under methoxyflurane anesthesia (21, 22) . For transplantation into secondary recipients, bone marrow was harvested from mouse 1, and 8 ϫ 10 5 nucleated cells were injected into each of five C57BL͞6-Ly-5.2 recipients, prepared as described above.
Analysis of Peripheral Blood from Transplant Recipients. At 6 and 12 weeks after transplantation, 150 l of peripheral blood was collected from the retroorbital plexus while mice were under methoxyflurane anesthesia. Peripheral blood for controls was taken from untransplanted mice. The nucleated cells were then This paper was submitted directly (Track II) to the PNAS office.
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stained with anti-Ly-5.1-biotin (clone A20), rat-IgG2a-FITC (R35-95), rat-IgG2b-FITC (A95-1), B220-FITC (RA3-6B2), Thy-1-FITC (30-H12), Gr-1-FITC (RB6-8C5), and Mac-1-FITC (M1͞70) (all from PharMingen). Ly-5.1-biotin was detected by subsequent staining with streptavidin-phycoerythrin (Str-PE, Molecular Probes). The stained blood samples were analyzed by flow cytometry on a fluorescence-activated cell sorter (FACSCalibur, Becton Dickinson). (E13-161.7) (all from PharMingen). Flow cytometric analysis was performed on a triple-laser instrument (MoFlow, Cytomation, Fort Collins, CO). An argon laser tuned to 350-nm emission was used to excite the Hoechst dye. Fluorescence emission was collected with a 405͞30 BP filter (Hoechst blue) and 670͞40 BP filter (Hoechst red). A second 488-nm argon laser was used to excite phycoerythrin and FITC (emissions were collected with standard filters).
HSC Enumeration and

Results
To asses the activity of cells derived from murine skeletal muscle, we relied on a competitive bone marrow transplantation model in which lethally irradiated mice are given the test cell population together with whole bone marrow from a distinguishable strain of mice (23, 24) . The bone marrow provides sufficient numbers of committed hematopoietic cells and stem cells to rescue the mice from lethal irradiation, allowing one to measure the stem cell activity of the test population against a known quantity of stem cells in the competitor population.
Mononuclear cells were prepared from the muscles of C57BL͞ 6-Ly-5.1 mice, following a procedure for the isolation of muscle satellite cells (18) , mixed with whole bone marrow from C57BL͞ 6-Ly-5.2 mice, and transplanted into lethally irradiated C57BL͞ 6-Ly-5.2 mice. At 6 weeks after transplantation, peripheral blood was drawn from the recipients and analyzed by antibody staining Fig. 1 . In this animal, the total proportion of Ly-5.1ϩ cells in the peripheral blood was 56%. Such cells were present at high levels in each of the lymphoid and myeloid lineages (Fig. 1 
, Upper Right quadrant of D-F).
In this animal, the proportions of B cells, T cells, and granulocytes͞macrophages derived from muscle cells were 42%, 76%, and 52%, respectively (bracketed numbers in the Upper Right quadrant of each plot). The overall distribution of B, T, and myeloid cells in this mouse was normal.
In each of the six mice, the transplanted cells made a high-level multilineage contribution to hematopoiesis, as shown in Fig. 2 . The mean percentage of muscle cell progeny in the peripheral blood of the six mice at 6 weeks after transplantation was 56 Ϯ 20% (SD). Because only 18 ϫ 10 3 muscle cells were introduced, compared with 200 ϫ 10 3 whole bone marrow cells, this result indicates that the muscle-derived HSC activity was approximately 10-to 14-fold higher than that of whole bone marrow (please see refs. 23 and 24 for a discussion of estimation of stem cell activity in the competitive repopulation assay). Mouse 1 (Fig.  2 ), which had the highest level of Ly-5.1ϩ peripheral blood cells (79%), was killed, and its bone marrow was transplanted into lethally irradiated C57BL͞6-Ly-5.2 mice for subsequent study (see below). In the remaining five animals, the mean percentage of Ly-5.1ϩ cells was 49 Ϯ 9% (SD). At 12 weeks after transplantation, it was 53 Ϯ 15% (SD). Thus, despite changes in the prevalence of Ly-5.1ϩ cells in individual mice over time, the cells retained their relative abundance and multilineage potential (Fig. 2) , indicating their long-term regenerative capacity.
A major tenet of HSC biology is that true stem cells must be highly proliferative and able to generate progeny that can repopulate secondary recipients (1, 25) , although this property has well established limits (26, 27 ). Thus, we tested the bone marrow collected at 6 weeks from mouse 1 (79% Ly-5.1ϩ cells) for its regenerative capacity in lethally irradiated C57BL͞6-Ly-5.2 mice. As shown in Fig. 3 , bone marrow from this mouse rescued all five secondary recipients from lethal irradiation and contributed appreciably to the B, T, and myeloid cell compartments. The mean percentage of Ly-5.1ϩ cells in the peripheral blood of these mice was 37 Ϯ 23% (SD). Notably, there was a shift in the distribution of blood cell lineages, marked by lower percentages of T and B cells than were found in the original recipients (Fig. 2) . This shift may reflect the relatively short time after transplantation or perhaps a reduction in long-term regenerative potential relative to that of the competing Ly-5.2ϩ stem cells within the whole bone marrow in the original transplant. Mouse 1 (M1) was killed after the 6-week analysis for subsequent study (Fig. 3) . To verify that Ly-5.1ϩ HSC were present in the secondary transplants, we killed mouse 5 (Fig. 3) and stained its bone marrow with the Hoechst 33342 dye and anti-Ly-5.1 antibody. HSC were identified on the basis of their high dye-efflux activity, as determined by dual wavelength analysis of Hoechst dye fluorescence (21, 22) . As shown in Fig. 4A , approximately 0.03% of the whole bone marrow had a stem cell phenotype, and 63% of the whole bone marrow was positive for the Ly-5.1 marker (Fig. 4B) . Closer examination of the HSC population (Fig. 4C) revealed that a majority of the cells (65%) were positive for the Ly-5.1 marker (Fig. 4D ) and thus were derived from the muscle cells originally transplanted into the primary recipient, mouse 1.
To begin to investigate the origin of the HSC activity in skeletal muscle, we analyzed muscle cultures to identify cells with phenotypes similar to those of bone marrow HSC. As shown in Fig. 5 , skeletal muscle cultures contained a population of cells that expelled the Hoechst dye in a manner reminiscent of bone marrow stem cells termed side population (SP) cells (21, 22) . The majority of the muscle-derived SP cells expressed the stem cell antigens Sca-1 and c-Kit (79% and 75% respectively, Fig. 5 D  and F) . Although the muscle cultures did contain some hematopoietic cells, as evidenced by detection of the CD45 antigen (Fig. 5C ), the majority of SP cells did not express this marker (Fig. 5D) .
Discussion
We have shown that cells isolated from murine skeletal muscle have a remarkable capacity for hematopoietic differentiation, as they contributed to all major blood lineages for at least 3 months after transplantation. Such cells retained their regenerative potential after they were transferred to secondary recipients, establishing their extremely primitive nature. The competitive repopulation assay allowed us to estimate that the musclederived HSC activity is approximately 10-to 14-fold higher than that of whole bone marrow.
Intriguingly, a subpopulation of cells cultured from skeletal muscle possessed several characteristics of bone marrow-derived HSC, namely Hoechst 33342 dye efflux (SP cells) and expression of the stem cell antigens Sca-1 and c-Kit. The prevalence of these SP-like cells in skeletal muscle cultures is about 10-to 15-fold higher than in murine bone marrow (1% vs. 0.05-0.07%; ref. 21) . It is well established that the majority of murine bone marrow HSC express Sca-1 (28, 29) , c-Kit (30, 31) , and efflux dyes such as Hoechst 33342 (21) and rhodamine 123 (32, 33) . However, bone marrow SP cells also express the common leukocyte antigen, CD45 (22) , whereas muscle SP cells do not. This lack of CD45 marker expression, which is expressed widely in and is restricted to the hematopoietic system (34) , suggests that the Sca-1ϩ c-Kitϩ SP cells we identified were derived from muscle rather than bone marrow or peripheral blood. It remains to be shown that muscle-SP cells account for the hematopoietic activity in skeletal muscle, but their similarity to bone marrow stem cells is highly suggestive of this possibility.
What is the identity of the cells in skeletal muscle that have this striking hematopoietic activity? Adult muscle is highly vascularized and contains a variety of mononuclear cells, including those in peripheral blood, as well as endothelial cells, fibroblasts, and myogenic satellite cells. Because the prevalence of HSC in peripheral blood is at least 100-fold lower than that in the bone marrow (35) (36) (37) and because other highly vascularized tissues (kidney and liver) containing endothelial cells and fibroblasts do not display high levels of HSC activity (data not shown), we speculate that myogenic satellite cells are the most likely candidates for this role.
Satellite cells are adult skeletal muscle stem cells. They constitute 1-6% of all muscle nuclei, possess high myogenic potential, and participate in muscle regeneration (14) (15) (16) (17) . Muscle injury induces them to proliferate, migrate, and differentiate into muscle. Although their myogenic potential is well established, a subset of freshly isolated satellite cells does not initially express the muscle-specific transcription factors MyoD and Myf5, which trigger myogenic differentiation (38, 39) . Lacking master myogenic regulators, such cells may be able to respond to environmental cues, including those that normally activate true HSC. Proof that myogenic satellite cells are the origin of muscle-derived HSC activity will require further study. If this proof can be found, myogenic satellite cells may be more similar to their hematopoietic counterparts than previously recognized, and their fate may be determined more by environmental signals than by their tissue of origin.
If stem cells from adult tissues are generally found to have a broad potential to differentiate, it may not be necessary to use embryonic stem cells in some medical and experimental settings (40, 41) . More immediately, if human adult skeletal muscle contains cells with similar activity, muscle-derived HSC could be used to reconstitute the hematopoietic system in lieu of bone marrow transplantation. In cases in which autologous bone marrow is functionally impaired (as in aplastic anemia) or is likely contaminated by tumor cells (as in neuroblastoma), muscle could provide an alternative source of HSC.
Note. Recently, Gussoni et al. (42) reported that highly purified HSC (SP cells) from murine bone marrow could contribute to skeletal muscle after bone marrow transplantation, generating wild-type muscle fibers in mice that have a mutant dystrophin gene. This report strongly supports the concept that stem cells from one tissue (bone marrow) can adopt an alternative fate (muscle) in a new environment. These investigators also showed that murine skeletal muscle contains Hoechst low SP cells (although the staining conditions used differed from ours) and that these cells can engraft the hematopoietic system of lethally irradiated recipients, confirming our observations.
